S oil C stocks in eastern Canada are declining. At the same time, soil C in western Canada has been increasing, and this increase is attributed to the adoption of reduced tillage and no-till agriculture (Agriculture and Agri-Food Canada, 2016) . No-till production has been adopted by many conventional farmers on a global scale, and has been successful in stopping degradation or even improving soil properties and soil C stocks (So et al., 2009; Agriculture and Agri-Food Canada, 2016; Lehman et al., 2017) . However, there has been criticism of the claim that no-till is a long-term solution for C storage. Conant et al. (2007) and VandenBygaart (2016) found that even infrequent tillage events in a mostly no-till system (not an uncommon occurrence) can cause declines in accumulated total organic carbon (TOC). There is also evidence that although conversion to no-till from full inversion tillage increases soil organic carbon (SOC) in the surface layers, it either has no influence or reduces TOC in lower soil layers (Kay and VandenBygaart, 2002; Peigné et al., 2007; Luo et al., 2010; Krauss et al., 2017) .
Within organic agriculture there is continued interest in adopting no-till practices, due in part to criticism of an overreliance on tillage (Trewavas, 2004) , the conversion to organic by no-till conventional producers (Halde et al., 2017) , fuel cost savings (Zikeli and Gruber, 2017) , and a general interest in improving soil health (Lynch, 2014) . Adoption by farmers has been slow due to inconsistent weed control and access to equipment (Halde et al., 2017; Vincent-Caboud et al., 2017) , and in particular for eastern Canada the availability of manure for fertility (Halde et al., 2017) . In organic agriculture, tillage is used for weed control, to terminate green manures (Gmr), and incorporate manure and other organic amendments. Crop rollers ( Fig. 1 ) are an alternative method to terminate a Gmr crop. Crop rollers, also called blade rollers or roller crimpers, roll over crops and use dull blades to crush or break stems while leaving plant material attached to the soil surface. The Gmr plant biomass then functions as a mulch and can prevent weed growth (Blackshaw et al., 2001; Shirtliffe and Johnson, 2012) .
The majority of studies on no-till Gmr systems have focused on the performance of the cash crop and weed control (Vaisman et al., 2011; Shirtliffe and Johnson, 2012; Halde et al., 2015; Silva and Delate, 2017; Wallace et al., 2017) . Adequate mulch biomass is required for weed control in a
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ABSTRACT
There is continued interest in adopting no-till practices in organic agriculture. One way to decrease tillage is to implement no-till termination of green manures. Studies on this novel approach have focused primarily on cash crop performance and weed control. The objective of this study was to examine soil organic C distribution and dynamics as influenced by different methods of green manure termination of a spring-planted green manure. In this green manure-wheat (Triticum aestivum L.)-fall rye (Secale cereal L.)-soybean [Glycine max (L.) Merr.] rotation three green manure termination methods were compared (no-till crop roller, spring tillage, and fall tillage). A mixture of hairy vetch (Vicia villosa Roth)-oat (Avena sativa L.) was seeded in late May in two trials, the first commencing in 2013 and the second in 2014. Soil organic C was monitored for 3 yr after green manure termination. In Trial 2, total organic C was greater under no-till green manure termination compared to fall and spring-till termination (by 2.4 ± 1.2 Mg C ha -1 and 2.3 ± 1.3 Mg C ha -1 , respectively) and the effect remained significant in all 3 yr. In Trial 1, particulate organic matter C was stratified in no-till and concentrated at the soil surface (0-5cm) and higher overall in no-till in Trial 2. Overall soil organic C was higher under no-till green manure termination and the more labile pool of POXc appeared less responsive to termination treatments. 
Core Ideas
• Soil organic C pools increased under no-till green manure termination, and this increase persisted over 3 yr following the green manure termination method.
• Total organic C and particulate organic matter C showed a stronger response to the green manure termination method than permanganate oxidizable C.
• Tillage effects in labile soil organic C pools may be harder to detect in organic systems with high levels of C inputs.
no-tillage Gmr system. Halde et al. (2014) suggest 6.0 Mg ha -1 dry biomass in the spring as a minimum for weed control. The amount of Gmr biomass also directly relates to the amount of C added to the system. Green manure biomass is influenced by planting date (Teasdale et al., 2004) , plant species (Halde et al., 2014; Vaisman et al., 2014) , decomposition rates of initial biomass , and termination method (Astier et al., 2006; Mooleki et al., 2016) . Many Gmr studies are conducted in mesic environments and use fall-planted green manures (Teasdale et al., 2004; Silva, 2014; Peigné et al., 2015) , which is not feasible in more frigid environments. Of the organic cropping system studies that have examined the influence of tillage on TOC, many have not specifically looked at the Gmr termination method within the organic no-tillage system, which is only one way to reduce tillage in organic production. However, leaving the large amount of biomass on the soil surface creates a unique situation compared with many no-till or reduced till systems. A meta-analysis of organic tillage studies, ranging in duration from 1 to 20 yr, in Europe and North America found an increase in soil C stocks of 143 g m -2 with any reduction in tillage compared with deep-inversion tillage (Cooper et al., 2016) . A Missouri study found no pattern in changes to TOC in a 3-yr study comparing a tilled and no-till overwinter Gmr between crops in a wheat (Clark et al., 2017) . In Switzerland, a study with a grass/clover Gmr and winter wheat rotation observed an increase (17 and 11% at two sites) in TOC after 13 yr under reduced tillage (skim/chisel plow) compared with full-inversion tillage, but TOC was also stratified, with gains only being observed in the surface 10 cm and a slight loss in the 20-to 50-cm depth increment (Krauss et al., 2017) .
The objective of this study was to examine SOC distribution and dynamics as influenced by different methods of Gmr termination-fall-tilled, spring-tilled, and no-tilled-of a spring-planted Gmr within a 4-yr organic grain rotation. Three SOC pools (TOC; particulate organic matter carbon, POMc; and permanganate oxidizable carbon, POXc) were measured at two soil depths (0-5 and 5-15 cm) for 3 yr after green manure termination.
MeTHodS

Site description and Treatments
The experiment was established at the Brookside experimental site for organic agriculture at the Dalhousie Agricultural Campus in Truro, NS, Canada (45°23´24.72 N; 63°15´16.15 W) . Soil at the site was a sandy loam (Orthic Humo-Ferric Podzol). The research site was drained by tiles installed at 0.8 m. Mean annual temperature was 6.1°C and annual precipitation was 1168 mm, which includes a mean snowfall of 157 cm (10-yr average) and potential evapotranspiration of 512 mm annually. Annual total growing degree-days (number of degrees the mean temperature is above 5°C) average 1746 and the frostfree period was 109 d (Environment Canada, 2017) .
The experimental design was a randomized split-plot blocked design with three blocks. Each block contained 4 plots (14 × 75 m) that contained 4 subplots (14 × 16 m). Since 2003, the site was conventionally tilled (full inversion tillage used annually) and had a 4-yr rotation consisting of red clover (Trifolium pratense L.)-red clover-spring wheat-soybean where the red clover served as a Gmr. Commencing in 2013, red clover was replaced by hairy vetch (Vicia villosa Roth/oat (Avena sativa L. var. Triple Crown) seeded in a 30:70 ratio in three of the rotation sequences (the fourth treatment remained in the prior red clover Gmr rotation and was not included in the present study). The new fully phased 4-yr rotation consisted of hairy vetch/ oat-spring wheat ('Helios')-fallow/fall rye (Secale cereal L.)-soybean ('Savanah') where wheat and soybean were grain crops and fall rye was a cover crop used for weed control. The hairy vetch/oat Gmr was a full-season cover crop and the following year spring wheat was planted and harvested for grain, and wheat stubble was left in the third year to avoid soil disturbance and planted to a fall rye cereal cover crop in late summer, which was rolled, and soybean was planted into the rolled rye biomass in the fourth and final year of the rotation. The partial fallow year was included to help detect changes in the treatments beyond the first year. Main plot treatment was Gmr termination method and sub-plots contained each phase of the rotation. The present study reports on the subplots seeded to hairy vetch/oat Gmr in 2013 (hereafter called Trial 1 (2013) (2014) (2015) (2016) and in 2014 (Trial 2, 2014 (Trial 2, -2017 . Soil organic C dynamics were tracked for the 3 yr following green manure termination. These years will be referred to as Yr1 (wheat phase), Yr2 (partial fallow/rye phase), and Yr3 (soybean) for each trial.
The standing hairy vetch/oat Gmr biomass on all plots was rolled in late August. Rolling terminated the oat but hairy vetch continued to grow until cold temperatures caused winter kill. The three termination methods were: (i) no-till (rolled only in late summer), (ii) spring-till (one tillage pass with moldboard plow followed by one post-emergent tine weeding pass after seeding, rolled only in fall), and (iii) fall-till (tilled with a moldboard plow in October and post-emergent tine weeding after seeding). Thus both no-till and spring-till plots were covered all winter with Gmr biomass whereas the fall-till terminated plots were bare (Table 1) . Post-emergent tine weeding was done in the wheat plots for the two tilled treatments only. In each year, soil was sampled in May (Table 1, Supplemental Fig. S1 ). See Table 1 for the full sequence and dates of all field operations for both trials and Supplemental Fig. S1 for a diagram of the field layout. 
Green Manure and Soil Sampling
Green manures were sampled each year for aboveground biomass and C and N content. Prior to rolling in late summer, three 0.25-m 2 quadrats of the aboveground biomass were removed from the vetch/oat plots. The biomass from the quadrats was pooled and manually separated into vetch, oat, or weeds for analysis. Spring mulch in the no-till and spring-tilled plots (prior to spring tillage) was also sampled by the above method. All plant samples were dried at 55°C for 3 to 5 d until constant mass, and ground and analyzed by combustion for C and N (varioMax CN by Elementar, Germany).
In both trials, soil was sampled in May using a 5-cm diameter slide hammer to a depth of 15 cm. This depth was chosen because it matched the plow depth and differences were expected to be detectable between termination treatments. Six cores were taken per plot. All cores were divided into 0 to 5 and 5 to 15 cm, pooled, air-dried, and sieved to 2 mm. A reference soil sample was also taken for each block. This consisted of a grassy area approximately 2 × 56 m, one for each block, to the south of the trials that bordered a fence shared with a pasture where soil had been undisturbed for many years. The reference areas were soil sampled using the method described above. Bulk density was determined by using the mass of the collected soil samples and the volume of the slide hammer. Initial soil parameters are given in Table 2 .
Soil organic Carbon Analysis
Total organic was measured by dry combustion. Soil was ground by placing in 75-mL squared-sided glass bottles with metal rods and rolling on a roller mill for 72 h. It was then ignited at 900°C and evolved C and N were measured (varioMax CN by Elementar, Germany). Carbonates are not present in this soil at the depth sampled so total C is equivalent to TOC (Carter et al., 2003) . Particulate organic matter C was determined through fractionation as described by Gregorich and Beare (2007) . Briefly, 25 g of soil was dispersed in a solution of sodium hexametaphosphate and passed through a sand-sized sieve (53 μm). All material collected on the sieve was considered the POM fraction. The collected POM fraction was ground and analyzed for C and N by combustion as for TOC. Permanganate oxidizable C was determined by potassium permanganate oxidation by the method described in Weil et al. (2003) . Briefly, 2.5 g of dry ground soil and 18 mL distilled water were mixed with 2 mL of a 0.2 M KMnO 4 solution. The labile C reacts with the permanganate to bleach the solution. The concentration of labile C, or POXc, was then determined through light spectroscopy at 550 nm using a predetermined standard curve (Jenway 6505 US/Vis Spectrophotometer, Essex, GB). With respect to the present trials, SOC will be used when referring to SOC in general or to all three C pools collectively. Total organic C will only be used to refer to the whole soil C obtained by combustion analysis. These C pools were chosen as TOC can be slow to respond to management changes, whereas the more labile pools can be more sensitive to short-term changes (Cates et al., 2016) and are important to soil functions like nutrient cycling and sustaining soil life (Lynch, 2014) .
Statistical Analysis
All SOC data were analyzed by repeated measures using Proc Mixed in SAS 9.4 with year as the repeated measure and included termination, depth, and their interactions with each other and year. Data were checked for normality and constant variance and the covariance structure was determined using the lowest AIC value. The covariance structures used in this analysis were compound symmetry and heterogeneous compound symmetry. All factors were considered fixed effects except for block, which was a random effect. Level of significance was set at α = 0.05. The LSMEANS and PDIFF statements were used to separate means and create letter groupings for all significant terms in Proc Mixed. When there were no significant differences between sampling depth or year, data were combined. Although the design was a split-plot, each trial only sampled one of the four split plots (Supplemental Fig. S1 ). Therefore the split was not included in the statistical model. Target seeding rate. Actual rates were adjusted in each year based on seed germination. § Refers to wheat stubble followed by fall rye planted phase after wheat.
ReSULTS
Green Manure
Hairy vetch/oat Gmr biomass averaged 5.4 ± 0.9 and 6.7 ± 0.4 Mg ha -1 dry weight in Trial 1 and Trial 2, respectively, before rolling in late summer. Biomass of mulch remaining before spring tillage in the spring-tilled and no-till plots was 4.9 ± 0.3 and 4.2 ± 0.6 Mg ha -1 , for Trial 1 and 2, respectively. This amounts to an overwinter loss of 0.5 Mg ha -1 (18% of prerolling biomass) in Trial 1 and 1.5 Mg ha -1 (37% of pre-rolling biomass) in Trial 2, not accounting for some continued vetch growth that occurred after late summer biomass sampling. Based on the C percentage and biomass of mulch before rolling, Trial 1 added approximately 2.6 ± 0.4 Mg ha -1 of C and Trial 2 added 2.9 ± 0.1 Mg C ha -1 to the system.
Soil organic Carbon pools
Bulk density was found to be unaffected by termination method or by depth (Supplemental Table S1 ), so it was determined that using an equivalent soil mass correction such as proposed by Wendt and Hauser (2013) was unnecessary.
In Trial 1, there were no significant differences in TOC between the three termination methods within each of the 3 yr (Table 3, Fig. 2 ). The Gmr plots did have higher TOC than the reference plots in Yr1. This same pattern of higher TOC in the Gmr plots over the reference plots after Gmr termination was repeated in Trial 2 for Yr1 and Yr2. In Trial 2, although no treatment interactions with year or depth for TOC were significant, termination alone was significant (p < 0.001). No-till plots had higher TOC than the spring-tilled and reference plots, regardless of year (Fig. 2b) . In Trial 1, termination × depth was significant (p = 0.0082, Table 3) but this was only because the reference plots had less TOC at the 5-to 15-cm depth and there were no differences between the three termination methods.
The TOC C/N ratio was higher in the no-till plots compared with the spring-tilled plots in Yr2 only of Trial 1 (p = 0.0382, Table 3 , Fig. 2c ) and in Yr3 no-till was higher than fall-tilled plots in Trial 2 (p = 0.0049, Fig. 2d) . A similar pattern occurred for C/N of the POM, but the effect was not significant (data not shown).
The POMc pool was significantly affected by termination dependent on depth in Trial 1 (Table 3 , Fig. 3a, p = 0.0049) . No-till plots had significantly more POMc in the top 5 cm than in 5 to 15 cm, the same pattern as the reference plots. No-till also had higher POMc than fall-tilled or spring-tilled plots at 0 to 5 cm, but it was not significant. Only termination method alone was significant in Trial 2, with no-till plots having higher POMc than all other termination treatments (p = 0.0027, Table  3 , Fig. 3b ). The same pattern can be seen in Trial 2 as in Trial 1 in the 0-to 5-cm soil depth, with more POMc in no-till compared with fall-and spring-till plots. There is a slight stratification of POMc no-tillage plots, but it was not significant in Trial 2.
In both trials, POXc was significantly affected by termination method by depth (Table 3 , Fig. 3 ). Permanganate oxidizable C was highly stratified in the reference plots only, unlike POMc, which saw stratification under both no-till termination and in reference plots.
dISCUSSIon
The amount of spring mulch biomass from the Gmr (4.9 ± 0.3 Mg ha -1 in Trial 1 and 4.2 ± 0.6 Mg ha -1 in Trial 2) was similar to that obtained in a study in Manitoba also using spring-planted hairy vetch/oat as Gmr by Halde et al. (2015) , which was 4.5 Mg ha -1 . The higher decomposition rate of Gmr mulch overwinter in Trial 2 (37% compared to only 18% in Trial 1) could be attributed to moisture levels. Trial 2 had higher initial biomass when measured in the previous year, which may have caused it to take longer to dry out. A similar occurrence happened in Halde and Entz (2016) , where a higher rate of mulch application in litter bags decomposed faster. The differences in estimated overwinter decomposition could also be due to different growth rates after the initial sampling of fall biomass, which was not measured.
Total organic C was higher in the no-till plots in Trial 2, regardless of year. This was calculated to be 2.4 ± 1.2 Mg C ha -1 more than the fall-tilled plots and 2.3 ± 1.3 Mg C ha -1 soil more than the spring-tilled plots. This is a reasonable result considering the amount of C added to the system by the Gmr (more than 4 Mg ha -1 ). The differences could be accounted for by tillage causing the decomposition of added and existing SOC (Conant et al., 2007) and the movement of organic matter below the plow layer (Angers and Eriksen-Hamel, 2008) . Inversion depth of the moldboard plow in the present study was approximately 15 cm, which could have put organic matter, including some of the Gmr biomass, below the sampling depth when the Gmr was incorporated. The POMc was also higher in no-till plots compared with other termination methods, mirroring the TOC.
The higher soil C/N ratio in the no-till treatment by Yr2 (Trial 1) and Yr3 (Trial 2) could reflect different rates of decomposition or N loss over time. Leaving biomass on the soil surface slows down decomposition, but could also speed up N loss 1.32 ± 0.25 0.9 ± 0.28 † Determination of Mehlich III extractable major and trace metal ions in soil by ICP-OES (Mehlich, 1984) . through exposure to surface water runoff and ammonia volatilization. Halde and Entz (2016) found Gmr litter bags placed on the soil surface lost 46.4% of their N content in the first 30 d. The difference by 1 yr in C/N response (Yr2 in Trial 1 and Yr3 in Trial 2) and that the effect on TOC was seen in Trial 2 only could be due to climatic differences. In Yr1 of Trial 2, the spring snow melt occurred much later than usual, which could have delayed initial decomposition of mulch biomass in Trial 2 (field site is typically snow-free by the end of April [Environment Canada, 2017] but in 2015 snow was present in May).
As expected, POMc was concentrated at the soil surface under no-till Grm termination in Trial 1. When considering both depths together in Trial 1, fall-, spring-, and no-till plots had very similar levels of POMc (24.4 ± 1.6%, 22.1 ± 2.2%, and 24.6 ± 2.5%, respectively). The POXc was stratified in the reference plots and there was a slight stratification in the no-till treatment visible in Fig. 3c for Trial 1, but it was not significant. No stratification occurred for TOC except in the reference plots. A review by Peigné et al. (2007) compared conservation tillage with conventional tillage and found that C and organic matter tended to be higher in the surface soil but similar levels in untilled layers. Similar trends were found by Kay and VandenBygaart (2002) and Carr et al. (2013) .
Both POMc and POXc have been proposed as more sensitive than TOC to management changes. Cates et al. (2016) found POMc more responsive to management than TOC and PlazaBonilla et al. (2014) found POMc more sensitive than both TOC and POXc. Culman et al. (2012) found POXc to be as effective as TOC and POMc at detecting site changes. In a comparison of multiple soil C pools, Morrow et al. (2016) found POXc to be the most effective parameter at detecting differences between different cropping systems. Simonsson et al. (2014) and Ladoni et al. (2015) found POM fractions to be more variable than TOC and less able to detect cropping system differences. Our results found treatment differences in TOC and POMc in Trial 2, but POXc was relatively consistent between different termination methods.
A stronger response was expected in the more labile pools (POMc and POXc) compared with TOC, but that was not the Table 3 . ANOVA table for all C parameters; TOC (Mg C ha -1 ), C/N of TOC, POMc (Mg C ha -1 ), and POXc (Mg C ha -1 ) for 6624 * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. † POMc, particulate organic matter carbon; POXc, permanganate oxidizable carbon; TOC, total organic carbon; Num DF, numerator degrees of freedom; Den DF, denominator degrees of freedom. Fig. 2 . Soil organic carbon (SOC) pools by year, (a) total organic carbon (TOC) for Trial 1 (Mg of C ha -1 ), (b) TOC for Trial 2 (note: the termination × year effect was not significant so letters are not presented, but termination alone was significant with no-till overall being significantly higher than fall-and spring-tilled and the reference being significantly lower than all other termination methods); (c) C/N ratio of TOC for Trial 1; (d) C/N ratio of TOC for Trial 2; (e) POMc for Trial 1 (Mg of C ha -1 ); (f) POMc for Trial 2 (note: the termination × year effect was not significant so letters are not presented but termination alone was significant with no-till overall being significantly higher than fall-tilled, spring-tilled, and the reference.); (g) POXc for Trial 1 (Mg of C ha -1 ); (h) POXc for Trial 2. Treatments are (i) no-till (rolled only), (ii) spring-tilled (tilled only in spring), (iii) fall-tilled (tilled in fall), and (iv) reference (undisturbed field margin). Yr1 is the wheat (Triticum aestivum L.) phase, the year following Gmr termination; Yr2 is the partial fallow phase; and Yr3 is the soybean [Glycine max (L.) Merr.] phase. Different letters indicate significant differences by LSD at α = 0.05 and are only included when the effect of termination × year was significant. Bar represent one standard error.
case for POXc. A study that added mulch over 3 yr (roughly 2.7 Mg C ha -1 yr -1 ) was able to detect changes in TOC within the 3-yr period (Mulvaney et al., 2017) . In organic Gmr rotations the high levels of added biomass could be buffering the more labile C pools against short-term changes caused by tillage. The relatively high POMc fraction (~25% of TOC) across all treatments indicates this is a "well fed" soil, in terms of organic matter. This could also be contributing to the stratification seen under no-till termination in the labile pools. If POXc is relatively buffered against tillage changes, differences might only be detectable at the very surface of the soil where the large amount of plant biomass was located after no-till termination.
Taking such large amounts of organic material and either incorporating them into the soil with tillage or leaving them on the soil surface was expected to influence the C pools in the soil through different distribution and decomposition rates. In general, when significant differences were found, no-till Gmr termination had higher C than the two tilled treatments. Sampling to a deeper depth could help track the fate of the C in the soil and would be better able to determine if SOC is being lost from the system or distributed to lower depths with tillage.
SUppLeMenTAL MATeRIALS
Table S1 details the bulk density values for termination method and depth. Figure S1 details the field layout explaining the fully phased design.
ACKnowLedGMenTS
We would like to thank Mohammed Zahidul Alam for assistance in laboratory analysis. We also thank Gregory Jackson, Gilles Poirier, Sidney Raithby, Morgan McNeil, and Emily Johnstone for field assistance. Thanks to Christopher Cutler, David Burton, and Marin Entz for guidance on the development of this project. This research was funded by the Organic Science Cluster of Agriculture and Agri-Food Canada's Growing Forward 2 Policy Framework and the Natural Sciences and Engineering Research Council of Canada.
ReFeRenCeS
Agriculture and Agri-Food Canada. 2016. Soil organic matter indicator. http://www.agr.gc.ca/eng/science-andi n n o v a t i o n /a g r i c u l t u r a l -p r a c t i c e s /s o i l -a n d -l a n d / soil-organic-matter-indicator/?id=1462905651688 (accessed 21 Dec. 2017 
